ABSTRACT: A respectable body of work exists on the evolution of speech production, but little has been published on the evolution of the auditory system. Salient points in the evolution of the auditory system are presented here based on a review of the literature in paleontology, embryology, and comparative studies of extant organisms. Structural changes in the vertebrate ear are the central issue. Research methods and interpretive caveats are examined, followed by a discussion of evolution in relation to audition and the emergence of the auditory system. Findings from the fossil record, pertinent to aural structures, are noted, with comparative investigations of extant organisms in the evolution of the inner ear and central auditory structures. Discussion focuses on changes in structure and their benefits for evolutionary selection, with an overview of theories associated with these changes. In conclusion, the implications of ongoing evolution of the auditory system in higher primates are considered.
A The Evolution of the Auditory System: A Tutorial Elizabeth Hester
State University of New York at New Paltz lthough the understanding of evolution may not play an obvious part in the day-to-day functioning of the clinical speech-language pathologist or audiologist, deeper knowledge of the role of audition in humans, and of human auditory capabilities relative to other species, may serve as a basis for more informed practice in assessing and treating what we know as speech-language and hearing deficits. Little work has been published on the evolution of the auditory system until very recently, and most of this is highly specialized, focusing on very narrow aspects of evolutionary study. This relatively brief tutorial is intended to provide an overview of the evolution of the auditory system. The emphasis here reflects the weight of the literature on evolution with regard to hearing and the function of hearing in human evolution: The structural changes to the middle ear and associated changes in hearing are discussed in relative depth, with less attention to development of the outer and inner ear. The evolution of the ear as vertebrates emerged and moved from water onto land has been the central issue in this area. The study is approached through paleontology, embryology, and comparative studies of organisms that are alive today. This tutorial will begin with a brief discussion of evolution, theory and methods, and will proceed to an overview of recent research on evolution of the structure of the ear, based heavily on the fossil record and comparative anatomy. The discussion will proceed from peripheral to more central structure, with a brief look at auditory perception. Webster (1992) stressed the importance of defining hearing in a discussion of the evolution of the auditory system. Webster concurred with the following definition, articulated largely by Ted Bullock at the most recent international conference on the evolutionary biology of hearing, held at the Mote Marine Laboratory in Sarasota, Florida, May, 1990: Hearing is the sensory modality concerned with the perception of sound acting upon the ears of vertebrates, at low and moderate intensities, as distinct from the perceptions of touch, vibration, and pain.
EVOLUTION AND AUDITION
Sound is the physical stimulus causing the sensation of hearing. Historically, the word "sound" gets its definition by extension from human hearing. It is that part of the mechanical disturbance in the medium in which we live that includes the pressure wave arriving from, commonly, distant sources. By extension, it is the adequate stimulus for the auditory portions of the ear of vertebrates, and of other sense organs specialized for acoustic reception in other animals, such as insects and animals living in water. Therefore, it is not confined to pressure waves but includes the small particle displacement component of mechanical disturbance from sources that are commonly distant. Sound includes frequencies from approximately 0.1 Hz (called infrasonic) to 200 kHz (called ultrasonic) (Webster, 1992, p. 787) .
The auditory system appears to have been selected and to have evolved because it served to promote survival by facilitating processing of the sensory information that an individual member of a species could gather about its environment. Fay (1992) noted that hearing is dependent on the quality and quantity of acoustic information encoded by the sensory receptor, and on the organization and complexity of the central nervous system devoted to processing auditory information. He noted that physical characteristics of sound sources have been constant over time, including size, material, distance, frequency components present, and their respective temporal envelopes. Species using acoustic information require mechanisms to accurately encode these features of sound sources in order to form appropriate behavioral responses. Fay suggested that a broad approach to the evolution of hearing should therefore include a study of the relationship between hearing (defined behaviorally) and both ear and brain structures. The goal would be to predict hearing functions from ear and brain morphology and then to apply these predictions to ancestral forms from the fossil record. Stebbins (1980) cautioned that hearing is a response by an entire, intact animal to some form of acoustic input, not a simple unitary function but a variety of functions, some of which may have evolved for a different reason and at different rates than others. Although most of what has been learned concerns absolute sensitivity and frequency range, other aspects of hearing, such as localization, frequency analysis, and intensity discrimination, must also be taken into consideration.
CAUTIONS AND LIMITATIONS IN THE STUDY OF EVOLUTION
The evolution of the auditory system has primarily been approached through the study of the fossil record, comparison of living forms, and, to a lesser extent, embryonic development. Selected findings from the fossil record and the comparison of the soft tissue of animals alive today, or extant, will be presented here. Researchers have noted the methodological limitations in all of these lines of inquiry and unanimously express caution in their interpretations. They acknowledge that fossil evidence is not continuous, particularly through the early Paleozoic period, the geologic era between 570 and 230 million years ago. There are still major time gaps in the record, and it is possible and likely that there are organisms that will never be available for study because we are missing faunas from nonpreserving environments. Bolt and Lombard (1992) stressed that the understanding of the origin and early evolution of the ear has been confounded because of limited fossil representation and because the auditory organ has often been slighted in descriptions focusing on other parts of the skull. Bolt and Lombard (1992) based the phylogeny used in their study on cladistics, which they describe as the dominant philosophy in systematics today. Phylogenetic relationships are diagrammed as cladograms, which show branching patterns but do not specify ancestor-descendent relationships. They cautioned that there is as yet no generally agreed cladogram of major tetrapod (four-limbed vertebrate) groups, and the cladogram used is necessarily a composite. Comparative studies of preserved specimens from extant species also warrant methodological cautions, especially when studying soft tissue. These concerns include nonuniform shrinkage of samples, single animal error with relative age and gender undocumented, and errors in judging and then drawing the borders of the part in question (e.g., brainstem nuclei) (Glendenning & Masterson, 1998) . Additionally, researchers stressed the need to be vigilant regarding the assumptions they make when interpreting auditory perception from behavior.
THE FOSSIL RECORD
In the discussion of the fossil record that follows, the weight given to each section reflects the current literature, with a brief mention of the outer ear, more elaborate discussion of the development of the middle ear, and less on the inner ear. Stebbins (1980) noted that the pinna, or outer ear structure, developed much later than the middle ear and, in many mammals, has served both an auditory and a thermoregulatory function. He stated that paleontological evidence has clearly indicated the presence of the external ear canal in mammal-like reptiles. It evolved gradually with the changes that were occurring in the jaw and skull in these animals, which will be described below under discussion of the development of middle ear structures. The structure of the external ear is more variable than deeper structures, which are more closely tied to the evolution of audition. The recent literature is heavily focused on the evolution of the middle ear, as described next.
External Ear

Middle Ear
Recent research on the evolution of the auditory system is characterized by an emphasis on the changes to a small bone called the stapes, one of the ossicles in the modern human middle ear. The word "stapes" is Latin for "stirrup," which reflects the distinctive shape of the bone. Bolt and Lombard (1992) discussed fossil evidence from the earliest tetrapods, who lived approximately 370 million years ago, during the Paleozoic Era, the geologic era characterized by the advent of fish, insects, and reptiles. They noted that these early vertebrates had an otic structure, indicating the presence of a stapes in the matrix of the posterior underside of the skull. Clack (1992) described the stapes of acanthostega gunnari, a tetrapod from the Upper Devionian (the earliest period of the Paleozoic Era) of East Greenland and suggested that the earliest tetrapods used an open spiracle as part of their fishlike breathing mechanism, which was operated by muscles attached to the stapes. Clack emphasized that the stapes still formed the only link between the palate and the otic region of the braincase. The palate was potentially mobile and was involved with buccal ventilation. Importantly, only when the palatal bones were released from this role by the development of alternative mechanisms could the stapes specialize as a purely auditory ossicle. The role of the stapes has been the source of much speculation.
The evolution of the middle ear structures is closely associated with changes in the jaw and has been traced through the fossil record of early reptiles, transitional mammals, to the true mammals. Stebbins (1980) stated that the beginning of the great mammalian radiation, the differentiation of mammals from reptiles, occurred approximately 70 million years ago, although the earliest signs appeared more than 100 million years prior. The pelycosaurs, representative of the synapsid reptiles, were among the earliest reptiles to show mammalian characteristics. The pelycosaurs included both semiaquatic fish eaters and herbivores. These ancestors to the true mammals were terrestrial predators, the more advanced members of which were the first reptiles to show clear evidence of adaptive strategies appropriate to a mammalian life-style. Stebbins believed that it was this group that provided early evidence of new developments in the structures associated with eating, including canines and a more powerful and efficient jaw articulation. These structures permitted them to dismember their prey before swallowing. Stebbins noted that it was the efficient, somewhat smaller, and more lightly built, carnivorous therapsid reptiles that provided the bridge to the mammals with larger, more completely differentiated canines than earlier mammals. Further adaptations for eating, including versatile jaw movements and a more precise dental occlusion, have been interpreted as directly having set the stage for the mammalian adaptation of the posterior jaw bones for hearing. Over millions of years, bones that had been an integral part of the primitive jaw support system in early reptiles lost their function in eating as the reptilian jaw became foreshortened with a new form of articulation. These bones gradually became reduced in size and came to form the ubiquitous three-bone ossicular chain common in the modern mammalian middle ear, replacing the single piston-form columella characteristic of living reptiles and birds. Roskowski (1992) surmised that the development of the middle ear permitted more efficient collection of acoustic power from the air and transmission of the collected power to the inner ear. From the data on the auditory anatomy of transitional mammals and the known relationships between auditory structure and hearing capabilities, Roskowski concluded that the earliest mammals had auditory capabilities that were similar in frequency range to those of many modern small mammals, with best sensitivity to highfrequency sounds, although not as high as that of a modern rat or mouse. Roskowski interpreted this as being consistent with the idea that high-frequency hearing was a primitive mammalian trait and that the early mammals existed within nocturnal niches that favored high-frequency hearing abilities.
The middle ear of existing mammals is considered morphologically unique (Allin & Hopson, 1992) . Extant mammals have a relatively elongate cochlea, associated with sensitivity to a broader range of sound frequencies than other vertebrates, usually extending beyond 10,000 Hz. Extant mammals also have a distinctive, protruding outer ear, called the pinna or auricle, and a long, tubular external auditory meatus. The mammalian aspect of the middle ear emerged only with the establishment of the definitive mammalian jaw joint that occurred for nonauditory reasons. Allin and Hopson stressed that fossil evidence indicates that the reduction in size of the postdentary bones in early nonmammalian cynodonts proceeded independently in several lineages, as did the freeing of the elements from the mandible in early mammals. From this, they infer that these modifications were impelled by strong selection for improved auditory capabilities.
It is important to remember that evolution is not unidirectional, that is, once a trait or feature has been acquired by a species, it does not necessarily go on to develop in stages of increasing complexity. Indeed, selection pressures may facilitate the loss of that trait. A case of reduction and loss of the tympanic middle ear in anuran (frogs and toads) amphibians has been described by Hetherington (1992) . He noted that there have been efforts to correlate this loss with habitat (noisy environments), habits (fossorial, aquatic), and lack of calling behavior, but stressed that this is still speculation. A middle ear, which is capable of transmitting high-frequency sound, would be of no benefit if the inner ear were insensitive to such sounds. The evolution of the inner ear will be discussed next. Stebbins (1980) stated that what was happening to the mammalian inner ear and the more central portions of the auditory system was considerably less clear than what has been described as happening in the middle ear. What is known is largely based on speculation from living species. Fay (1992) noted that capacities for frequency analysis among mammals and birds appeared to be closely related to gross cochlear structure, implying that frequency analysis acuity might be predicted for mammals and birds using the position frequency map of the cochlea and the critical cochlear distance corresponding to a critical bandwidth.
Inner Ear
The coiled cochlea (one turn or more), characteristic of all living placental mammals and marsupials, is not present in monotremes (e.g., platypus) (Stebbins, 1980) . In living reptiles, the cochlear duct is attached to the saccule, forming a relatively short extension of the inferior part of the labyrinth, whereas in some lizards, crocodiles, and birds, it becomes longer, is fairly straight, and contains the sensory cells for hearing (Stebbins, 1980) . Stebbins pointed out that this mammalian pattern has become highly specialized in some groups, such as bats, desert rodents, and cetecea (whales), whereas others, such as primates, appear to have retained the more primitive or generalized mammalian pattern but with certain significant modifications.
The study of the evolution of audition becomes more subtle, more speculative, and perhaps more intriguing as we move from peripheral to more central aspects. Soft tissue leaves no fossil record. The evolution of the central auditory system is based on comparative studies of extant organisms, animals living today. This will be addressed next.
CENTRAL AUDITORY SYSTEM-BRAINSTEM NUCLEI AND THE AUDITORY CORTEX
Much of the speculation about the central auditory system is based on understanding the functional logic of the apparent selection of certain structures in some organisms and not others in relation to their current niches or typical habitats. Because distance sensing involves accurate localization at night, which depends on binaural interaction, Stebbins (1980) argued that the substantial enlargement of the auditory part of the brain in the earliest mammals was a response to intense pressures for guidance in a nocturnal adaptive zone. These central structures, with their connections to the inner ear structures, may have been further elaborated as mammals moved into diurnal adaptive zones and adopted more complex forms of social organization and communication.
Glendenning and Masterson (1998) sampled and compared the relative sizes of the subcortical auditory systems of 53 animals. Considerable variation was evident: The absolute size of the entire subcortical auditory system varied more than 139-fold among the 53 animals in the sample, whereas the range of variation in brain weights was 3700-fold. They found that bats, kangaroo rats, marmosa opossums, and then Norway rats had the largest auditory systems relative to their brain size. Perhaps more interestingly, humans had the smallest auditory system per brain size. Part of this very small ratio for humans could be explained as the passive result of a very large brain rather than a very small auditory system, but the auditory system expansion still fell short of brain expansion, yielding a comparatively small auditory brain ratio (Glendenning & Masterson, 1998) . They proposed that this small ratio was the secondary result of the expansion of other, nonauditory, brain parts, noting that each of the six primates in the sample were highly visual, with expanded occipital and temporal lobes in their cerebral hemispheres, and all had an auditory system/brain size ratio that was smaller than the sample average. The ratio became progressively smaller over the sequence among the three families of primates: prosimians (bush babies, lorises, lemurs), anthropoids (macaques and green monkeys), and hominids (humans). Moore (1987) compared the brainstem nuclei of several mammals. She stressed that species-specific variation made sense: Structures that are important to an animal become larger and more specialized; less functional structures diminish or become vestigial. For example, the superior olivary complex is a relatively large group of nuclei in the cat and most other mammals. The medial olivary nucleus is the major component of superior olivary complex of humans, but it is either very small or missing in the hedgehog and in the echolocating bats and cetaceans (e.g., whales). Among primates, the relatively large human medial olivary complex reflects a steady increase in the size of this nucleus across prosimians, New and Old World monkeys, and apes, perhaps due to the potential, based on large head size, to localize sound by interaural analysis of low frequencies. In contrast, the greatest development of the lateral olivary nucleus occurs in echolocating mammals, bats and porpoises, but it remains small in most rodents, insectivores, prosimian primates, monkeys, and apes. This reduction appears to be related to the limited range of audible frequencies, particularly in the higher ranges. In some echolocating animals, the large size of the lateral nucleus serves a hearing range that extends over 100 kHz. The reduction of this nucleus in humans correlates with a high-frequency limit at approximately 18 kHz, lower than that of most any other mammal, including monkeys and apes (e.g., the limits for cats and gerbils respectively are 88 kHz and 60 kHz) (Moore, 1987) . Cats and other mammals show structural differences among neurons in the cochlear nuclei, the relay neurons of the lateral olivary nucleus, the nucleus of the trapezoid body, and the ventral nucleus of the lateral lemniscus. Moore found that the small cell cap of the cochlear complex was much larger in humans, but, in the comparison of all the other nuclei noted, there was a pronounced reduction in humans. She interpreted this degree of reduction in the human auditory pathway as an implication of less diversity and complexity in auditory processing at a subcollicular level in the human brain. Moore concluded that the regressive change in these structures across primates implied that these reductions should be viewed as "a biologically adaptive remodeling of the auditory system, related in some way to the particular role of audition in primates, including man" (Moore, 1987, p. 30) . Glendenning and Masterson (1998) cautioned that imposing a direct correspondence between evident structures and an organism's current ecological niche could be disappointing and sometimes misleading due to the effect of structural adaptations to the special ecologies of the geological past.
In their studies of the auditory cortex, Merzenich and Schreiner (1992) were struck by the idiosyncratic differences in the details of cortical representation in different adults of any given species. They concluded that much of the considerable variability in cortical tonotopic map representations for adults of any given species could be attributable to a "capacity for plastic modification of representation following peripheral hearing losses, and/or result from differences in predominant acoustic behaviors that generate differences in cortical map detail." (Merzenich & Schreiner, 1992, p. 678) . In their research, Merzenich and Schreiner found significant consequences of learning on specific auditory cortex responses in best-frequency topographies from a few minutes or tens of minutes of classical conditioning in some cortical fields with primates, including humans, and with bats. They concluded that the details of evident cortical representational topographies are to some extent a function of the earlier predominant behaviors. They stressed that in nonecholocating animals, prior hearing experience is almost always very difficult to document or reconstruct, and cautioned that significant differences might be expected to emerge for cage-reared versus wild-caught animals.
EVOLUTION AND THE ISSUE OF AUDITORY PERCEPTION
From the study of cortical structures for audition, the logical progression is the discussion of auditory perception. Stebbins and Sommers (1992) noted that perception is two steps removed from the evolutionary record; perception must be inferred from an animal's behavior, which, in turn, must be inferred from the material left to us in the evolutionary record, making it highly speculative. Stebbins and Sommers considered perception as a major adaptive strategy. They noted that auditory systems are selective for sounds that are used in such biologically essential activities as mating, prey capture, and predator evasion. They also noted that the apparently asymmetrical processing of such stimuli by the brain's left cerebral hemisphere, long recognized in man, has been extended to include other animals. The advantages of such asymmetry for processing of species signals and its evolution have been the object of much discussion, but the matter remains unresolved. Stebbins and Sommers (1992) stressed that the close interdependent relationship between the perception of species' signals and their vocal utterances necessitates studying the process in both sender and receiver. This ultimately requires the combination of both field and laboratory study using extensive observation of a social group (e.g., primate troop) under natural or quasinatural conditions to permit determination of the relationship of social and environmental context to message form and content. The focus in the study of the development of communication systems within a species has shifted from an emphasis on testing for pure tone response in the laboratory to use of the types of stimuli that species appear selectively responsive to, that is, those that have significance for survival, such as avian maternal assembly calls or human speech. Studies have shown that many speech sounds, for example, can be discriminated by infants within a few days of birth, including both native language and mother's voice. (Werner & Gray, 1998) . Lieberman (1991) addressed the evolution of human speech and language within a Darwinian model. He stressed that the key to the evolution of the modern human brain was rapid vocal communication. He noted that humans can calculate formant frequencies from the speech signal even when very little acoustic information is present-an ability that is essential for decoding the complex fluctuations of running speech. The speed of this processing derives from brain mechanisms that are adapted for speech perception, permitting a listener to unconsciously assign patterns of formant frequencies and other acoustic cues to discrete phonetic categories. Other animals, including crickets, frogs, and monkeys, have brain mechanisms that are tuned to respond to their species-specific vocalizations, but humans do this on a much more elaborated and more efficient level. Lieberman stressed that the process of speech perception resembled other aspects of human evolution in that "newer" mechanisms were added to "old" ones to facilitate an important task.
Human speech perception has been studied extensively but remains an active and controversial area of inquiry. It is exceptionally difficult to discuss within an evolutionary framework as it requires comparing perception across species. The study of the perception of nonhuman species signals is fraught with methodological complications, but nonetheless is intriguing and promising. Researchers have stressed the difficulty of assessing nonhuman auditory behavior. Moody (1995) noted that an array of laboratory procedures exists for determining the minimum stimulus or stimulus difference that an organism can detect. These conditions do not mimic the real world, where the organism acts as a whole within a social context. Detection of sound must be accompanied by the ability to classify the sound as that of a predator and not that of a potential mate. In designing classification experiments, Moody stressed the importance of avoiding the pitfall of training the animals to tell us about our classes rather than theirs. Stebbins (1980) summed up the combination of adaptations that appear to be significant in the formation of the auditory system. It appears that the earliest mammals exploited nocturnal niches, which were relatively free of many of the large, diurnal, predacious reptiles. Therefore, hearing and smell were more useful at night than vision. This implied other adaptations, including homoiothermy (constant internal body temperature) for better heat retention at night, with superficial insulation. Homoiothermy required a high, sustained activity level, accompanied by a stable rate of metabolism, which, in turn, required that food be obtained more regularly and ingested more efficiently. The continuing changes in dental morphology and jaw structure and articulation may have been an outcome of these pressures. Stebbins speculated that further changes in both middle and inner ear may have been in response to pressures for more elaborate vocal communication as the mammals evolved, noting that there is an apparent differentiation in inner ear structure between those animals that vocalize and those that probably do not.
SUMMARY, IMPLICATIONS, AND QUESTIONS
In attempting to explain the past, the study of evolution prompts thoughts about the future. Scholars no longer take for granted a teleologic path of inevitable improvement. The research described above, done by scientists such as Moore (1987) and Glendenning and Masterson (1998) , suggests that primates, particularly humans, show a reduction of specialization in certain central auditory structures and a gradual collapse of the high-frequency boundary of the threshold function, even as social organization has become more elaborate and intraspecific communication more complex. Stebbins (1980) described the declining threshold sequence, which he assumed to be historical, among the terrestrial primates from a prototypical mammal or a marginal primate, such as the tree shrew (Tupaia glis), with an upper limit of 60000 Hz, through Old World monkeys and chimpanzees, to man at approximately 20000 Hz. The structural correlates of the basilar membrane do not appear to correspond with this reduction. We are no longer nocturnal creatures, hiding in trees or burrowing underground to escape large predators. The current research provides only subtle hints at the questions raised by the data. It is clear that there is much yet to be learned in the study of the evolution of the auditory system.
